APPENDIX 



UNIVERSITY 

vmsics 



Francis W. Sears 
Late Professor Emeritus 
Dartmouth College 



Mark W. Zemansky 

Professor Emeritus 

City College of the 

City University of New York 



Hugh D. Young 

Professor of Physics 
Carnegie- Mel] on University 



m 

ADDISON-WESLEY PUBLISHING COMPANY 

Reading, Massachusetts • Amsterdam • London 
Manila • Singapore • Sydney • Tokyo 



10/JDS/200S 10:45 



Algemeen Oetrooi* en Markanburaau 431(0)40 2434557 6/9 



m 



WORLD STUDENT S£R1£S 



This book Is in the 

ADDISON-WESLEY SKRIES fN PHYSICS 



lioberl 1 4. Rogej-s 
Mary Caiarella 
MHrion R. H*>we 
Hnl">crt. Rose 
Marie i:^. Mi Achim 
IJliistnitor: OxfVjnl JUii.straU»rs, Lul. 
Clover (lesijjir. Ann .SrnruR<?oiir Hose 



Sponsoring editor: 
l^rodiirtion editor: 



Oesipier: 



OopyrigliLC) *JW2. l'^^? I*''**' ^-^^^ AfUliwm-Wfsley l*uhlishinu Conipjiiiy, 

Im:.* 



All rifihts i<^>«;ivchI. No part of this iiublitjiiit^n ni.iy hn rtpivduccd, stjjrwl hi h ivtrieval 
HVKtem, or ImnsiuittefJ, in any Cmm or by any menus, clecl miiio. irMMthanicnl, |jliotiK<ii>yinK, 
ructiitling. m «>t.hei-wi«c. without th»: piiiir wrilton pemiissMni of liie publisher. I'nnUi! in ihe 
Unirefl Suites of Ameriira. Published simiiltoneouHly in Canada. 



ISBN: 0-201-07199-I 

DEFGHIJ-1IN-R98765 



10/08/2005 I0:4S 



276 FLUm DYNAMICS 



Algemaen Oetrool- an Markenburatu +31(0)40 2434SS: 

13-8 

13-7 Stokes' law 

When an ideal fluid of zero viscosity flows past a sphere, or when a 
sphere moves through a stationary fluid, the streamUnes lOTin a per- 
tectly sj-mmetrical pattern around the sphere, as shown m Fig. 13-/a. 
The pressure at any point on the upstream hemispherical surface is ex- 
actly the same as that at the corresponding point on the downstream 
face and the resultant force on the sphere is zero. If the fluid has viscos- 
ity however, there will be a viscous drag on the sphere. (A viscous drag is 
experienced by a body of any shape, but only for a sphere is the drag 

readily calculable.) . „ ■ r 

We shall not attempt to derive the expression for the viscous force 
directly from the laws of flow of a viscous fluid. The only quantities on 
which the force can depend arc the visctwity v «f the fluid, the radius r 
of the sphere, and its velocity v relative to the fluid. A complete analysis 
shows that the force F is given by 

li^nirr. (13-19) 

This equation was first deduced by Sir George Stokes in 1845 and is 
called Stokes' law. We have already used it in Sec. 4-6 (Example 9) to 
study the motion of a sphere falling in a viscous fluid. At that pomt it 
was necessary to know only that the viscous force on a given sphere ui a 
Biven fluid is proportional to the relative velocity. 

A sphere falling in a viscous fluid reaches a terminal velocity at 
which the viscous retarding force plus the buoyant force equab the 
weieht of the sphere. Let p be the density of the spheie and p' the density 
of the fluid. The weight of the sphere is then (4/3)7TJ^pg. and the buoyant 
force is (4/3)ffr3p'5; when the terminal velocity is reached, the total force 
is zero and 



or 



(13-20) 



When the terminal velocity of a sphere of known radius and density 
is measured, the viscosity of the fluid in which it is falUng can be found 
from the equation above. Conversely, if the viscosity is known, the ra- 
dius of the sphere can be determined by meaaurmg the tarminal velocity. 
This method was used by MiUikan to determine the radius of very small 
electrically charged oU drops (used to measure the electrical charge of an 
inidividual electron) by observing free fall in air , ,q, 

Even for non-spherical bodies, a relation of the form of h<q. {IJ-li)) 
holds with a different numerical coefficient. Biologists call the terminal 
velocity the sedimentaOon velocity, and experiments with sedimentatoon 
can give useful information concerning very smaU particles. It is often 
useful to increase the terminal velocity by spinnmg the sample in a 
centrifuge, which greatly increases the effective acceleration of gravity. 

13-8 Reynold.s niunber 

When the velocity of a fluid flowing in a tube exceeds a certain critical 
value (which depends on the properties of the fluid and the diameter of 
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the tube), the nature of the flow becomes extremely complicated. Within 
a very thin layer adjacent to the tube walls; called the boundary layer, 
the flow IS still laminar. The flow velocity in the boundarj' layer is zero 
at the tube walls and increases uniformly Lhroughout the layer. The 
properties of the boundary layer are of the greatest importance in deter- 
mining the resistance to flow, and the transfer of heat to or from the 
moving fluid. 

Beyond the boundary layer, the motion is highly irregular. Random 
local circular curreuLs called vortices develop within the fluid, with a 
large increase in the resistance to flow. Flow of this sort is called turbu- 
lent. 

Experiment indicates that a combination of four factors determines 
whether the flow of a fluid through atube or pipe is laminar or turbu- 
lent. This combination is known as the Reynolds number, Nj^, and is 
defined as 



(13-21) 



where p is the density of the fluid, v the average forward velocity, t) the 
viscasity, and Z) the diameter of the tube. (The average velocity is de- 
fin e<l as the uniform velocity over the entire cross section of the tube, 
which would result in the same volume rate of flow.) The Reynolds 
numbei-, pvD/-^^ is a dimensionless quantity and has the same numerical 
value in any consistent system of units. For example, for water at 20"C 
flowing in a tube of diameter 1 cm with an average velocity of 10 cm*s"', 
the Reynolds number Is 



pvD _ (1 g 'cm"'^)(10cm'S^0(l cm) 
0.01 dim •s-cm'-'^ 



- 1000. 



Had the four quantities been expressed originally in SI units, the same 
value of 1000 would have been obtained. 

A vaiiety of experiments have shown that when the Reynolds num- 
ber is less than about 2000 the flow is laminar; whereas above about 3000 
the flow is turbulent. In the transition region between 2000 and 3000 the 
flow is unstable and may change from one type to the other. Thus for 
water at 20''C flowing in a tube 1 cm in diameter, the flow is laminar 
when 



f>vD 



< 2(K)0,. 



or when 



^ (2000)(0.01 dyn -s^cm--') 

^ ^ TTZ ThTT; ^ — " = 20 cm -s-i. 

(1 g-cni-" *)(l cm) 



Above about 30 cm -s"' the flow is turbulent. If air at the same tempera- 
ture were flowing at 30cm-s-< in the same tube, the Reynolds number 
would be 



^ _ (0.0013 g*cm-'')(30 cm-s-')(l cm) 
181 X tO-"dyn-s-cm-2 



= 215. 
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13-15 (h) Laminar How. (1» Tui-l>uleiiL 
flow, (c) Firat laminar, tJien turlwilent, 





Since tliis is much less than 3()(X), the flow would be laiinnar and woal d 
not become turbulent unless the velocitv were as fpeat as 420 cm-s^ 
The distinction between laminar and turbulent flow is shown ui the 
photo^raplis of Fig. 13-15. In (a) and (b) the fluid is water anil in (c) air 

^'^^S^^;^o!S of a system ioru.. the basis for the study of 

the behavior of real systems thiough tbe use of small scale models A 
common example the wind tunnel, in which one measures the aerody- 
namic forces on a scale ujodel of an aircraft wing. The for<res on a fuli- 
si/e wing are then deduced from these measuniments. 

'l\vo systems are said to be dynamically similar )f the Reynolds 
number, pvD/iu Ls the same for both. The letter D may refer, in general, 
to any dimension of a system, such as the span or chord of an aircraft 
wing/Thua the flow of a fluid of given density p and viscosity about a 
half-scale model, Ls dynamically similar to that around the full-size ob- 
ject if the velocity u is twice as great. 



Questions 



13-1 Js the continuity relation. Rq. valid for com- 

pressible fluids? If not. is there a similar relation that is 
valid? 

13-2 If the velocity at each point in spac:e in steady-state 
fluid flow is constant, how can a fluid particle accelerate? 
13-3 Whenever possible, aiiplanes take off and land head- 
ing into the wind. Why? 



13-4 Does the "lilt" of an airplane vving depend on alti- 
tude? 

13-5 How dofjs a basc^bail pitcher give ih<! ball the spin 
that makes it curve? Can he make it curve in either direc- 
tion? Does it matto' whether he is righthanded or left- 
handed? What is a spithall? Why is it illegal? 
13-6 When a car on a highway is r^sscnJ by a large truck, 



